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ABSTRACT

Systemsanalysisis beingused in cxxrjunctionwith structural

analysis@ studythe cmservatisms ard to provideinsightsintiaspectsof

reactorseismicsafety. An event-tree/fault-treetiel of a canmercial

nuclearpower plant is beingccnstrwtd tn determinethe probabilityof

releasead probabilitiesof systemati mnponent failurescausedby possible

seismicevents. The event-tree/fault-treemod&l is evaluatd using failure

data generatedby applying’the responsea mnponent sees to the Canponent’s

fragilityfuncticn.The respcnsesare calculatedby a structuralanalysiscode

usingearthquaketime historiesas forcingfunctions. The quantificationof

the event-tree/fault-treemodel is doneconditionalon a givenseismicevent

and the mnd itionalprobabilityies thuscalculatedunccmditionedby integrating

the resultsover the seismichazard

dependenciesbetweenevent failures

are removedmaking known fault-tree

curve. In this way,most of the

resultingfrcm the s6ismicevent itself

analysisquantificationtechniques

applicable. The outputsfran the oanputaticmswill.be used in sensitivity

studiesti determinethe key calculatims ad variablesinvolvedin seismic

analysesof nuclearpu+er plants.
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1. INTRODUCTION

LawrenceLivernme I&oratory is currentlyconductinga large

m~ti-year seismicresearchprogramfor the U.S. NuslearRegulatoryUXMRiSSiOn ●

(NRC), Officeof NuclearRegulatoryResearch,wtitled the SeismicSafetY
●

~rgins Researchprogram (-) as describedby 9nith,et al., [11. me of

the puqmses of this programis to provideestimatesof the mnservatism in

currentNRC seismicsafetyrequirementsd ti developinprovedrequirements.

The programis brokenirdm threephases. The initialphase centerson

developnmt of a probabilisticmethodologythatwill more realistically

estimatethe

hypothesized

This initial

behaviorof nuclearpaverplant structuresard system during

earthquakesincludinga charzcterizationof the uncertainies.

phase will yield estimationsof the probabilityof failureof

strwtures, systemsard conqxmentsand the probabilityof radioactivereleases

over a rangeof earthquakelevels. These estimateswill then be used to

establishprioritiesfor futureresearch“ardanalysisto be carriedout in

phase 2. In

will be made

methodology.

phase 3 reccmnendationsfor changesin NRC safetyrequirements

by developinga balanced,deterministic,seismicdesign

The SSMRPcan be thoughtof as an ap@ication of riskmethodsto

validateor improvelicensingprccessesas theyconcernseismicdesign.

A numberof seismicsafetystudieshave been mde of nuclearpwer

plants. Typicalof these are thoseby Ang ard Newmarkard Cornellati
w

Newmark [2,3]. In -t cases thesestudieswere basedon failuresof specific

criticalconpnents an3/orsubsysi=ms.One studywhich amlyzed the seismic ●

safetyof a ccmpletenuclear gxxer plant, Diablo Canyon, [4] used an

event-tree/fault-treerepresentationof the rem tor systemsto predictrisk b

the publicdue to seismicevents. The event-trees/fault-treemethodologyused

was based to a largeextenton H-i400 [5] results.
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In all theseseismicsafetystudiesthreeelementsare involvd in

the amlys is. The firstelementis a seismichazardcurvewhichplots the

probabilityof exce+ing an earthquakeof a given intensityagainstthat

intensityfactor. The int=sity f=tor comnonly

acceleration.Anotherelementof theseanalysis

char=terizationof the componentsor strukures

used is the peak ground

is some sort of

resistanceb failure.

may be a plot of the probabilityof failureversusthe same earthquake

intmsity factor. The thirdaspectof the analysisis the systms model

may be a simpleblak diagramor a cmplex event-tree/fault-treemxlel,

This

which

deperdingon the complexityof the systemand whetherit is a sp~ific or

genericstudy. The ideaof the analysisis then to use the resistance

charzcterizatimati the systi malel ti determinethe probabiliq of system

failuregiven a certainintensityearthquake.This probabilityof failureis

then cmvolved with the seismichazardcurve to come ~with an uncofiitional

probabilityof failureor in our case probababilityof

SWRP, in its initialphase, is’mt so much a

the risk due to seismiceventsat nuclearpcwerplants

release.

programti determine

but insteadis using

risk assessmenttechniquesb primitize researchati estin!ateccmservatisms

inherentin currentdesignmethcds. probabilisticmethcdswill be usd ad

uncertaintiespropagatedthroughoutthe calculatims

alonewill not have to be reliedon. Outputresults

confidencelimitsor scme othermeasureof the -r

analysis. Thoseparts of the calculationsad those

so that pint estimates

will be characterizedby

and lowerboutisof the

inputvariablesthat

contributethe most uncertaintiesin the resultswill be prime candidates

futureresearch.

for



2. COMHJJ?ATIONALPROCEDURE

The caputationlprocdure to be describedcan be thoughtof in two

parts. In the firstpart (respmse calculation),the seismicinput #

informationin the formof time-histories,is

calculationof the respcnseof the str~tures

of the calculation(system calculation)will

used as a forcingfunctionfor
●

ad components. The secondpart

involvethe quantificationof

the event/faUlt-treemcdel of the rea3torsystems. This calculationalchain

is illustratedin Fig. 1.

The firstblock in the responsecalculation,seismicinput,processes

the regionalseismicchar~teristics,sourceparameters,sitemcdification

factirsh other seismicrelatedinputand generatesas outputa

Char= terizationof the freefield grourdmotion. The free-fieldmotion is

then used as an inputinto the secondblock,soil-structureinteraction.

‘mgetherwith the underlyingsoil data and reectorstr~ture informationa

basematmotion is calculatedor, alternatively,the soil and the structureare

modeled tcgether~ determinethe strmtural respcnse. The major strwtural

responseinformationis then used as inputeitherto subsystemanalysisor

directlyinti the secordpart of the cede where the conponent

is carriedout. The responsedata may be in the formof peak

failureanalysis

accelerations~

velocities~ displacementsI stresses?

Each calculationis carrid

comnmnpeak ground acceleration(ap)

strains,etc.

out for a set of time historieswith a
#

and spsctralshapeparameter(f=).

The respcnsescalculatedfm this the historyset are then averaged with the .

various other inputquantitiessuch as soil shearmdulus, darrping,or

strmtural stiffness ~lculation of averagerespcnses,standarddeviaticns~
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aml correlationcoefficientsat severalhundredcomponentlocationsmay be

involved. This responsedata is storedin v~tor formas shown in Fig. 2.

Attributescan be incorporatedin the responsevectirfor latersensitivity

studies.

The responsevectoris then input,alongwith fragilityfunctionsfor

all the str~tures ard componentsfor which failuremust be calaibted, into

the system

furxkicnis

failurearii

analysispart of the calculation[6]. ~ exanpleof a fragility

shown in Fig. 3. Plottedon the ordinateis the prdabili~ of

on the alxissais the responsequantitywhichwill be used to

determinethe probabilityof failuree.g.,peak acceleration,peak stress.

Rar&m uncertaintyis characterizedby the slopeof the mdian value for the

failureprobability(~lid curve). Uncertaintyin thismedianvalue is

depictedby upperand lowerboundsas shownby the dotted

betweenthe dottedli~s may be thcnqhtof as mdeling or

uncertaintyas opposedto rarikmnuncertainty.Both types

be studiedin the SSMRP.

lines. The range

systematic

of uncertaintywill

Table 1 lists the sevenccmputation cptionsavailablein the systems

calculation. T&se reflectchoicesbetweenMonte Carlom analytical

~u=tion of failurearWor binaryor probabilisticevaluationof the event

ati fault trees. In the analyticalcomputationof failurecovariancematrices

●

●

and mean vectirsof responsesati resista~es are aanbinedto determinethe

measuredstandarddeviaticnsof the output. This techniqueallms for only

normalor log-normaldistributionsof the inputvariablesbut joint failure

probabilitiescan be considered. The Monte Carlo techniqueuses correlated

raticmnumbersgeneratedusingthe mvar iame matrices. my distributionof

in~t variablesthat can k Char=terizedty twomomentscan be used in the

Monte Carlo type of cartputation.



Anotherchoice is availablewhen determininghcw to evaluatethe

event ard fault trees. If the conponentfailureprobabilitiesare high,as

would be the casewith very largeearthquakes,then a binarycharacterization

of failurewould lead timore efficientcom@aticms. In the binaryapproach

raniiomnunbersare a-@liedto failureprobabilitydistributionsto decide

whetherthe copnents are in a faila or ncm-faikd stateand the eventand

fault treesevaluatedaccordingly.‘A uniqueaccid~t sequenceis generated

fcx eachcomputationrun. Aftermany runs the talleyon each accident

sequencesgives the overallprobabilitythat that accidentsequencewould

occur. In the probabilisticcalculation,failureprobabilitiesare assigned

each conponentand the probabilitiesare multipliedin the eventtreesto get

the probabilityof all the acident sequences. This ismore efficientif the

failureprobabilitiesof the amponmts d system are less than 10‘2. The

overallstrategyof the systemscalculatim,is shown in Fig. 4.

3. SENSITMTY ANALYSIS

Sensitivityanalysis

the orderingof the variables

significanceof the ordering.

is the identificationof inportantvariables~

aaording b importanceard an indicationof the

For SSMRPsignificantinputvariablesmay be

peak free-fieldgrourdacceleration,str~tural damping,strmtural stiffness,

shearnmdulusof the soil~etc. Also of importancemy be rmdelingvariables

sud as the coefficients

the sourceto the ground

a~roximate a functional

●

used b describethe motionof the seismicwavesfran

surfaceor the orderof the polynomialused to ●

reh ticnship. E!esidesrelatingthe variablesor

prioritizingthemwith respectto each other it is inportantto relatethem to

m ise.
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In SSMRPwe will use a numberof methodsto do our sensitivity

studies. Our ultimateg&i is b cane up with modelsof the outputswhichcan

be used mt only to give a measureof the relative@r tanceof the various

inputvariablesbut will be useableas a respcnsesurface. Such a respcnse

surfacemuld be usedwith hbnteCarlo simulationtechniquesfor further

studies [7].

Othermethcdsto determinesensitivitywouldbe to amstruct partial

derivativesof the outputwith respectto the in~t variables. This can be

done with respectto referencevaluesof the inputvariablesor the

derivativescan be averagedover the rangeof the inputvariables. V@ will.

also be doingdaninanceanalysisto identifyimportantaccidentsequences,the

most irportantsafetysystemsati the key componentsin the safetysystans.

This rankingcan be done for specifice=thquakes or for a rangeof

earthquakesexceedinga givenmagnitude.

4. BAWTIWE/FAUL’IWWE DEVEWFMENT

In SSMRPwe wish to have as canpletea measureof the cmsequences of

seismicallyinducedfailureas possible. F= this reasonwe are usinga

event-tree/fault-treerepresentationof an existingnuclear~er plant (Zion

I) in order ti conduX our studies.

Event treesare used to identifyimportantaccidentsequenceswhich

can lead b radimmtive releases. For the SSJIRP,we are initia~y ~ly

consideringsequencesWith can lead b core tit, sincenmst of the
I

5*

radiozctivematerials insidethe fuelelement

core Elts. HWever, the techniqueitselfis

just core melt a=idents.

cannotbe releaseduntilthe

mt limitedb &nsiderationof

1
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An went tree is constructedfor eachof severalinitiatingevents,

e.g.,loss+f~mlant-aocidents of varioussizes@ reectortransientscaused

by suchoccurrencesas loss of offsitepwer. The outccxnesof such initiating

eventsare determinedby the operationsof systemswhich have an effecton the
Q

event. Figure5 showsan eventtreewhose initiatingevent is a pipe break
9

leadingb a largeloss+f-coolant-aaident[8]. A numberof syst- have an

effecton the outcaneof this accidentard are desigmted by the letters

acrossthe topof the figure. These systemsincludepartsof the emergency

core mling systemand fissicnproductrenovalsystem. A containment

failureevent tree (mt shown) is attachedto the end of ea~ accident

sequenceaml used b determinethe typeof releasefrana givenaccident

sequence. Successfuloperationor failureof each systemdeterminesthe

accidentsequenceand the multiplicationsof systemfailureprobabilities

determims the accidentsequenceprobabilities.

The failureprobabilitiesfor the

are determinedby ccnstrwting faul.ttrees

probabilitiesas determinedfran the response

fumtims are assignedb the basic eventsin

eventprobabilitycalculatedfran the Boulean

systemsincludedin

for these systems.

calculationsad

the went trees

Failure

the fragility

the fault treesand the @

representationof the tree.

Figure6

SSMRP.

pictoriallyshows hw the event treesariifaulttreesare used in

Problm concerningthe statisticaldependencebetweeneventsarxl ●

data insufficienciesaremore acutethan fcr a random

WASH-1400 . By constructingthe eventad faulttrees

seismicevent,-e of the concernaboutdeperxkncies

failureanalysislike

conditioml on the
●

is removed. where

identified,depetienciesare beingmcdeledin the treesexplicitly.Wing

the quantifi=tion processthe treeswill be evaluatedfa a givenseismic

8



event. The omditional probabilitiesso calclilatedwill be unconditionedby

,

cmvolving with the seismichazardcurve. In this way,most of the depedenw

resultingfran the ccmmoncausenatureof the seismicevent is renmved.

Amther sourceof dependenq resultsfrom the commonalityof

mmponents. The fragilityfunctionused to calculatethe probabilityof

failureof the corrponentmay be fcz a pplaticm of componentsfrom different

manufacturers.If the oamponats in a givenplant are frcm the same

manufacturerthere is a correlationbetweenthe fragilitiesfor these

canponents. The amputationalprocedurewill be able to hardlecorrelation

betweenthesefragilitiesin one of its calculationalmales. Also, bourding

techniqueswill be used to bracketthe depmdency problemati more detailed

cxxmncncauseanalysiswill be used in criticalareasand where datapermits.

In order to sup@ment the meageramunt of test data to failure

availableon the componentsin a nuclearpowerplant,expertopinicmad panel.

reviewwill be used. Sensitivitystudieswill also be carriedout on expert

opinionto see hm sensitivethe finalresultsare to expertopinionad in

what areas. w solicitingexpertopinionad dining it where possiblewith

test data arilreviwing the resultswith a kmledgeable panel of experts it

is hoped that as gmd a data base as possiblecan be instructed. Althoughwe

may strivefor ccnsensusopinim in surecases,carewill be taken to make

sure that the opinicnof the individualexpertsrepresentan independentdata

set.

5. CX3NCLUSION

I
,

The SSMRPrepresentsa step forwardin the applicationof system

analysistechiques b strmtural reliabilityproblems. In order b make the

9



problemtractable,certainsirrplifications

simplifi~ticnswill only be made in areas

rotterswill not be obscured. Sane of the

have to be made. These

where it is clearthat important

strmtural analysiswill be done in

a very sophisticatedmannerand used to verifythemore simplifiedmodelsthat 9

are used. Fault treesare used b rmdel systemfailurebut are mt going tO

be relid upcn to model the failureof the strwture, strwtures being highly

redundant. Ratherthe faulttreeswill reflectjudgmentson structural

failuremodes providedby the structuralanalyst. Fault treesused ti a~Yze

safetysystem failureswill

will be quitemnprehensive.

additionaltie of component

be basedon WASH-1400experienceand therefore

Strwtural failurewill be treatedas just an

failure. Identifierscm the cmponents to locate

them in the strlrkurewill aid if selectivebuildingfailureis deemedas a

probable@e of failure.

SWRP is an anbiticusprojectand it is hoped that by damstrating

methodologyin phase 1 futureresearchdirecticnswill becme clear. Certain

sinplificationin the treatmentof hman factors,designerrors,and

depemlencieswill be nmssary in Phase 1. However,it is the intentto come

up with a realisticanalysisand the sinplificationswill resultin wider

rangesof uncertaintiesthan would otherwisebe the case. Since it is not

clear lww sensitiveinputvariableswill be to variousoutputs,a numberof

out~ts are going to be calculatedafi studied. By studyingtheseoutputsit

is expectedthatprogramobjectivescan be met.
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FIGURECAPTIONS

Figure1. ComputationalProcedureOverview

● Figure2. ResponseVectorInputto SystemCalculation

Figure3. FragilityFunction

●

Figure4. Overviewof the SystemCalculation

Fiewre5. LargeLOCA EventTree for Zion I NuclearPowerPlant

Figure 6. Use of Event Treesand FaultTreesby SSMRP
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